• Ifenprodil infusion into agranular insular cortex alters social behaviors in rats.
Introduction
Maternal consumption of alcohol during human embryonic development results in a number of deleterious effects, including profound morphological, neurological, and behavioral deficits [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . This fact is particularly relevant in the United States, where the incidence of Fetal Alcohol Spectrum Disorders (FASD), which includes Fetal Alcohol Syndrome (FAS), partial FAS (pFAS), and alcohol-related neurodevelopmental disorders (ARNDs) [11] , is http://dx.doi.org/10.1016/j.bbr.2016.11.036 0166-4328/© 2016 Elsevier B.V. All rights reserved. estimated at 2-5% [12] . While exposure to high levels of alcohol during development may cause birth defects such as facial dysmorphias, moderate exposure to alcohol can cause persistent cognitive deficits and other adverse neurobehavioral outcomes in the absence of conspicuous morphological abnormalities in humans [13] [14] [15] , as well as in model organisms exposed to alcohol during prenatal development [16] . Prenatal alcohol exposure (PAE) is an issue of worldwide significance [17] , with estimated rates of exposure during pregnancy ranging up to 63%. A relatively high percentage (5-30%) of children in the United States are exposed to some alcohol during gestation [18] [19] [20] [21] [22] [23] , and nearly 50% of women reported consuming alcohol prior to realizing they were pregnant [24, 25] , which may be expected to increase the incidence of FASD in the coming years. Because most FASDs encompass the less severe forms [26] that may not be recognized early during development, it is critically important for researchers to understand the behavioral and underlying neurobiological mechanisms affected by moderate PAE.
Children with FASDs typically present with a number of cognitive and behavioral deficits, including problems in learning and memory [2, 4, 27, 28] , attention [29] , and difficulties in social interactions with their peers [30] [31] [32] [33] . Utilizing rat models, many investigators have observed altered social behaviors following PAE including increased aggression [34, 35] , changes in play behavior [34, [36] [37] [38] [39] , decreased social investigation and interaction [37, [40] [41] [42] , changes in response to social stimuli [43] [44] [45] , and deficits in socially acquired food preferences and social recognition memory [46] . These behavioral alterations have been observed across a broad range of experimental factors including the timing, dose, and duration of alcohol exposure, as well as the age at which behavioral measurements took place. While it is difficult to fully understand the neurological mechanisms that underlie social behavior deficits, it is clear that many areas of the frontal cortex are involved [47] [48] [49] . In particular, damage to orbital prefrontal cortex (oPFC) in humans [47] and primates [50] , as well as corresponding agranular insular cortex (AIC) in rats [51] , has been associated with an array of social behavior deficits. Therefore, it is logical to reason that alterations in the structure and function of neurons in oPFC and AIC following PAE could contribute to subsequent deficits in social behaviors. Previous work from our laboratory has documented deficits in dendritic spine formation, as well as immediate early gene (IEG) expression in AIC following a social interaction paradigm in PAE rats [40] , which was associated with deficits in social behaviors [52] .
Recent research from our laboratory examined alterations in excitatory neurotransmitter receptor expression and function in the frontal cortex following moderate PAE. We have observed a regionally-specific increase in GluN2B-containing NMDA receptor binding based on radiohistochemical studies in rats exposed to ethanol during gestation [53] . Further, in the same study, we demonstrated that evoked NMDA currents from layer II/III pyramidal neurons in AIC in PAE rats are more sensitive to the effects of ifenprodil, a negative allosteric modulator of GluN2B containing NMDA receptors, than saccharin controls. Given that GluN2B expression is associated with social recognition memory [54, 55] , we hypothesized that PAE-induced alterations in GluN2B expression in AIC contribute to deficits in social behaviors. To evaluate this hypothesis the effects of ifenprodil locally infused bilaterally into AIC of adult PAE and control rats on social behavior were quantified. In addition, we also examined whether ifenprodil infusion affected social communication in rats by analyzing ultrasonic vocalizations (USVs). Previous work has measured elevated GluN2B expression in the AIC of PAE rats, therefore, we hypothesized that ifenprodil would have a greater effect on behaviors in PAE rats compared to saccharin exposed controls.
Methods
All experimental procedures included in this manuscript adhered to the Public Health Service policy on humane care and use of laboratory animals and were approved by the Institutional Animal Care and Use Committee of the University of New Mexico (IACUC protocol numbers MCC-101106 and 101166).
Subjects
Adult (6-8 months old) male and female Long-Evans rats born and raised at the University of New Mexico Health Sciences Center Animal Resource Facility were used in these studies. Breeding rats in-house is important because it eliminates a confound observed in rats purchased from outside sources, as these rats may display an increase in anxiety like behaviors compared to locally raised animals [56] that could potentially complicate interpretation of social behavior data following PAE and other treatments. A total of 40 rats (10 males and 10 females from each prenatal treatment condition, housed in pairs since weaning) were used for cannula implantation and subsequent behavioral studies. All rats were pair-housed with a partner of the same sex and prenatal treatment condition on a 12-h reverse light/dark cycle with food and water available ad libitum. No more than 1-2 offspring from each litter and dam were used in these experiments to avoid potential litter effects. This study was designed so that prenatal treatment condition (two levels: exposure to either saccharin or ethanol during gestation) and sex (two levels: male and female) were between subjects factors, and drug treatment (two levels: vehicle or ifenprodil) was a within subjects factor.
Materials and procedures

Breeding and voluntary drinking paradigm
The voluntary drinking paradigm utilized in this study has been previously described [57, 58] . Three-to-four-month-old Long-Evans rat breeders (Harlan Industries, Indianapolis, IN) were singlehoused in plastic cages at 22 • C and kept on "reverse" 12-h dark/12-h light schedule (lights on from 2100 to 0900 h) with Harlan Teklad rat chow and tap water ad libitum. Prior to breeding all female rats were provided 0.066% (w/v) saccharin in tap water for 4 h each day from 1000 to 1400 h. On Days 1 & 2, the saccharin water contained 0% ethanol and on Days 3 & 4 it contained 2.5% ethanol (v/v). On Day 5 and thereafter, the saccharin water contained 5% ethanol (v/v). Daily ethanol consumption was recorded for at least 2 weeks and mean daily ethanol consumption was calculated for each female breeder. Breeders that drank ±1 s.d. above or below the group mean were excluded from the study. The remaining females were randomly assigned to either a saccharin control group or 5% ethanol drinking group and matched such that the mean pre-pregnancy ethanol consumption by each group was comparable. Tap water was available at all times during the drinking paradigm. Females were subsequently housed with proven male breeders until pregnancy was confirmed by the presence of a vaginal plug. Female rats did not consume ethanol during breeding. Beginning on gestational Day 1 (GD1), rat dams were provided with saccharin water containing either 0% or 5% ethanol for 4 h per day. The volume of 0% saccharin water provided to the control group was matched to the mean volume of saccharin solution consumed by the 5% ethanol drinking group. Daily 4-h ethanol consumption was documented for each dam. Following parturition, access to ethanol was discontinued and all litters were weighed and culled to 10 pups. Offspring were weaned at 24 days of age and pair-housed with a same-sex and prenatal treatment condition cage mate.
Maternal serum ethanol levels
A separate set of twelve rat dams for which no offspring were used in the present study were allocated to determine serum ethanol concentrations. These dams completed the same voluntary drinking paradigm as described above, except that at 45 min into the 4-h ethanol consumption period on each of 3 alternate days during the third week of gestation 100 l of whole blood was collected from the tail vein under isoflurane anesthesia and immediately mixed with 0.2 ml of 6.6% perchloric acid, frozen and stored at −20 • C along with standards (0-240 mg/dl) created from whole blood from untreated animals until assayed. Serum ethanol samples were assayed using a modified method of Lundquist and colleagues [59] .
Surgery
Under isoflurane anesthesia, infusion guide cannulae (PlasticsOne, Roanoke, VA) were implanted under stereotaxic guidance. Guide cannulae (26 gauge) were implanted such that infusion cannulae were situated in AIC (+3.72 mm anterior, ±4 mm lateral, and 5.4 mm ventral relative to bregma). Guide cannulae were fixed in place using dental cement and anchored to the skull with stainless steel screws. Following surgery, animals were allowed to recover for 14 days before subsequent drug infusion and social behavior experiments.
Drugs
The GluN2B negative allosteric modulator ifenprodil (SigmaAldrich, St. Louis, MO) was dissolved at a concentration of 1 g/0.3 l in 0.9% non-pyrogenic saline (w/v) containing 5% (2-hydrocypropyl)-␤-cyclodextrin adjusted to pH 7 according to the methods of Parkes and Westbrook [60] . This solution, without ifenprodil, served as the vehicle for drug infusions.
Social behavior and drug infusion
Social behavior observation took place in a box (95 cm × 47 cm × 43 cm) with a Plexiglass front, opaque sides, and a mirrored back wall as described in [58] . Prior to behavioral testing, pairs of animals from the same prenatal treatment condition habituated to the apparatus for 30 min on two consecutive days. Animals were tested with partners from the same prenatal treatment condition due to recent evidence indicating that a mixed prenatal treatment housing condition contributes to alterations in social behaviors in control animals [39] . At the end of the final habituation session animals were housed in isolation for 24 h, after which cage mates were randomly assigned to be infused with either ifenprodil or vehicle to avoid potential drug order effects. Ifenprodil or vehicle (0.3 l) was infused into AIC using 33-gauge infusion cannulae at 0.1 l/min. Infusion cannulae were left in place for one minute following infusion. Fifteen minutes following drug infusion animal pairs were reunited and placed in the social behavior apparatus. Behavior was recorded for 12 min in the dark using a camera capable of recording under infrared illumination. Videos were directly digitized to a digital video file during recording. After the social interaction session was completed, pairs of animals were housed under normal conditions for 6 days. They were then again housed in isolation for 24 h before being infused with the opposite drug treatment to achieve a within-subjects experimental design. The social behavior interaction session was repeated according to the above methods. The frequency, duration, and latency to first occurrence of the following behaviors were quantified: allogrooming, anogenital sniffing, other sniffing of the partner's body (body sniffing), crossing over/under the partner, rearing, and wrestling (including pinning). These behaviors were selected based on existing work [61] , and have been quantified in previous studies from our laboratory [35, 40] . All behaviors were analyzed by a single researcher blind to experimental conditions using software developed in-house [62] .
Ultrasonic vocalization analysis protocol
During the social interaction sessions rat USVs were recorded to a HD-P2 audio recorder (TASCAM, Montbello, CA) using an electret ultrasound microphone (Avisoft Bioacoustics, Glienicke, Germany). USV audio files were converted to spectrograms using Audacity audio editing and recording software (Pittsburgh, PA). 50 kHz and 22 kHz USVs were recorded, however, because only one pair of animals emitted any 22 kHz USVs only 50 kHz USVs were analyzed. Specific USV waveforms were selected for analysis based on previous studies [63] , and frequency of occurrence in our experiments. Total frequency, duration, average duration, and latency to first onset of the following USV waveforms were analyzed: total USVs, ascending (ascending USV pitch), atypical (not matching any other criteria), chirp (USVs under 10 ms), frequency modulated (FM) (USVs with a sinusoidal waveform), simple (USVs with a flat, unchanging pitch), and step (USVs with an abrupt, discontinuous change in pitch). Examples of USV waveforms analyzed here are provided in Supplementary Fig. 1 . All USVs were analyzed by a single researcher blind to the experimental conditions.
H&E staining protocol to analyze cannula placement
At the conclusion of the second social interaction session, animals were deeply anaesthetized with an overdose of sodium pentobarbital. Brains were extracted and flash frozen before being sectioned on a cryostat at a thickness of 20 m. Sections were then fixed in 4% PFA before being stained with Harris hematoxylin solution and Eosin Y solution according to manufacturer protocols (Sigma-Aldrich). Stained sections were then visualized under light microscopy to determine the most ventral location of infusion cannulae.
Statistics
All statistical tests reported here were significant at p < 0.05 unless otherwise stated. Statistical analyses were performed using SPSS version 23. Data were analyzed using repeated measures analyses of variance (ANOVAs) with prenatal treatment and sex as between-subjects factors, and drug treatment as a within-subjects factor. Planned comparisons for each behavior or USV of interest analyzed are reported in the subsections that follow. Statistical values reported include F ratio, p value, and effect size reported as partial eta squared ( p 2 , which is equivalent to eta squared for one-way ANOVAs). Standard benchmarks for small ( p 2 = 0.01), medium ( p 2 = 0.06), and large ( p 2 = 0.014) effect sizes are based on the recommendations of Cohen [64] (see also Refs. [65, 66] ). Significant interactions between experimental factors were further explored by performing post hoc analyses of simple Drug Treatment effects within level of either Prenatal Treatment or Sex. All post hoc analyses used a Bonferroni correction (adjusted p < 0.025) to correct for the number of multiple comparisons. Due to the fact that there were a number of Sex effects on behavior observed in this study, earlier studies from our laboratory [39, 40, 53] , and the work of others [38, 43, 67, 68] , we also present the effects of Prenatal Treatment and Drug Treatment on behavior separately by level of sex.
Results
One male rat from the prenatal alcohol exposed (PAE) group died post-surgery. In addition, infusion cannula became dislodged in one male rat from the PAE group and two male rats from the saccharin control (SAC) group. These rats and their cage mates were removed from the study, leaving 6 males in the SAC group and 6 males in the PAE group.
Voluntary drinking paradigm
Maternal serum ethanol levels, as well as other effects of the voluntary drinking paradigm's effects on rat dams and their offspring from all rats in the breeding round used in this study are presented in Table 1 . There was no significant effect of prenatal treatment condition on maternal weight gain during pregnancy, litter size, or pup birth weight.
Cannula placement
The location of infusion cannulae for all animals is shown in Fig. 1 . All animals had infusion cannulae situated in AIC, therefore no animals were excluded from subsequent analyses.
Social behavior
Behavior data (frequency, total duration, and latency to onset of first occurrence) for combinations of prenatal treatment, sex, and drug treatment condition are shown in Supplementary Table 1. A summary of significant effects of drug treatment on social behaviors is presented in Table 2 . For behaviors with a significant Drug Treatment X Prenatal Treatment interaction or a significant main effect of drug treatment that did not interact with prenatal treatment, planned comparisons of drug treatment effects within level of prenatal treatment are presented to explore our hypothesis that the effects of ifenprodil infusion are more prevalent in PAE animals than in SAC controls. Table 2 Summary of effects of ifenprodil treatment on social behavior. Effects of ifenprodil treatment within combinations of prenatal treatment and sex are presented for social investigation (anogenital and body sniffing, crossing over/under) and wrestling behaviors within prenatal treatment group and sex, with the arrow indicating the direction of the effect of ifenprodil treatment relative to vehicle treatment. 
Main effects of drug treatment
There were two main effects of drug treatment on behaviors that were independent of prenatal treatment and sex. .358], while there was no effect in SAC controls (p > 0.79). For frequency of anogenital sniffing, the same planned comparison failed to reveal a significant effect of drug treatment in either SAC or PAE animals (ps > 0.07).
Main effects of sex
There were a number of sex effects on aspects of social behaviors, including: females allogrooming more frequently Analysis of the simple effects revealed that ifenprodil infusion in SAC animals led to a significant increase in latency to crossing over/under relative to vehicle infusion (p = 0.011), an effect that was absent in PAE animals (p > 0.11).
Interactions of drug treatment and sex
There were a number of drug treatment effects that interacted with sex in this study. There was a Drug Treatment X Sex interaction for frequency of body sniffing [F(1,28) = 4.791; p = 0.037; 
Social behavior in females
Graphs that display significant effects of drug treatment within sex are presented in Fig. 2 . In female animals infused with vehicle there was a significant main effect of prenatal treatment, as PAE animals were quicker to allogroom than SAC animals [F(1,18) = 4.750; p = 0.043; p 2 = 0.209]. There was no significant effect of ifenprodil treatment on this behavior (p > 0.53). When main effects of prenatal treatment were analyzed using drug treatment as a within-subjects factor, there was a significant prenatal treatment effect for the duration of anogenital sniffing in females [F(1,18) = 6.244; p = 0.022; p 2 = 0.258]. PAE females engaged in anogenital sniffing behavior for a shorter duration than SAC animals.
There were also two main effects of drug treatment in females on aspects of wrestling behavior. (Fig. 2A) , with no significant effects in SAC animals (p > 0.56). For latency to first instance of wrestling, planned comparisons did not detect significant effects of drug treatment in either SAC or PAE animals (ps > 0.08).
Social behavior in males
In males, there were no significant main effects of prenatal treatment on aspects of social behaviors (all ps > 0.067). There were, however, two Prenatal Treatment X Drug Treatment interactions in males that require further explication. For duration of wrestling there was a significant Prenatal Treatment X Drug Treatment interaction [F(1,10) = 6.612; p = 0.028; p 2 = 0.398] (Fig. 2A) . Post hoc analysis of simple drug effects within prenatal treatment group Fig. 2 . Graphs of behaviors with significant drug treatment effects. Mean (SEM) frequency (FREQ), duration (DUR), and latency to first occurrence (ONSET) of behaviors with significant effects of drug treatment are shown for males (n = 6 per prenatal treatment) and females (n = 10 per prenatal treatment). Black bars are saccharin exposed controls (SAC), and grey bars are prenatal alcohol exposed animals (PAE). A) duration of wrestling; B) latency to first occurrence of crossing over/under; C) frequency of body sniffing; D) frequency of anogenital sniffing. E) duration of anogenital sniffing; F) frequency of wrestling. Asterisk (*) denotes a significant effect of drug treatment at p < 0.05.
suggests that this interaction was driven by ifenprodil reducing wrestling duration in PAE animals, but this effect was not significant (p = 0.061). There was also a Prenatal Treatment X Drug Treatment interaction for latency to crossing over/under the partner animal [F(1,10) = 7.216; p = 0.023; p 2 = 0.419] (Fig. 2B) . A planned comparison of simple drug treatment effects within prenatal treatment demonstrated that this interaction was due to ifenprodil increasing the latency to crossing over/under in SAC males [F(1,5) = 9.735; p = 0.026; p 2 = 0.661]. Regardless of prenatal treatment condition, there were a number of significant main effects of drug treatment in males. Ifenprodil treatment reduced the frequency of body sniffing [F(1,10) = 9.080; p = 0.013; p 2 = 0.476] (Fig. 2C ). Planned comparisons demonstrate that this effect was significant to PAE animals 
Ultrasonic vocalizations
USV data (frequency, total duration) for combinations of prenatal treatment, drug treatment, and sex are detailed below. A Step Duration Total Ascending Chirp
FM
Step Average Duration
Ascending
Step summary of the significant effects of ifenprodil treatment on USVs is presented in Table 3 . In order to simplify presentation of the effects of ifenprodil treatment on USVs, in this section only effects on total USV measures will be discussed (Table 4) . For detailed information concerning the significant effects of prenatal treatment, drug treatment, and sex on the frequency, total duration, average duration, and latency to first onset of USV isotype (ascending, atypical, chirp, FM, simple, and step USVs) please see Supplementary Table 2 .
In the vehicle drug treatment group, there were no effects of prenatal treatment on total USV frequency or duration (ps > 0.09). 
Discussion
The aim of the present study was to determine if ifenprodil infusion in rat AIC has significant effects on the expression of social behaviors that are altered by gestational alcohol exposure [35, 40, 52] . Ifenprodil infusion in rat AIC had a significant impact on a number of social behaviors, including agonistic and social investigatory behaviors. Importantly, many of the effects of ifenprodil infusion were specific to PAE rats, including a majority of the effects involving 50 kHz USVs that occasion social interaction. These results support the hypothesis that enhanced GluN2B expression in rat ventrolateral prefrontal cortex following PAE [53] contributes to abnormal social behavior, and adds to the growing body of evidence that exposure to moderate levels of ethanol during early brain development causes persistent deficits in social behaviors and frontal cortex function.
Social behavior
Most of the significant effects of ifenprodil infusion on behaviors were obtained for wrestling and social investigatory behaviors. For wrestling behavior, ifenprodil treatment reduced wrestling frequency in male PAE animals to levels comparable to controls, whereas there was no effect of ifenprodil on wrestling frequency in SAC exposed males. This resulted in a significant drug treatment by prenatal treatment interaction. In females, ifenprodil increased the duration of wrestling behavior in PAE animals, with no effect observed in SAC controls. There were also a number of sex effects on the frequency, duration, and time to onset of first instance of wrestling that differed by drug treatment condition. We also observed significant effects of ifenprodil infusion on social investigatory behaviors, in particular on different forms of sniffing of the partner animal. These social investigatory effects were specific to male animals. Ifenprodil infusion significantly reduced the number of instances of body sniffing in PAE males only, and significantly reduced the number of instances of anogenital sniffing in males regardless of prenatal treatment condition.
There is considerable precedent for the sexually dimorphic results obtained from the social behavior analyses conducted in the present study. Previous studies from our laboratory demonstrated that moderate PAE led to more apparent changes in social investigatory and agonistic behaviors, dendritic morphology, structural plasticity, excitatory neurotransmitter receptor physiology, and Table 4 Significant effects of ifenprodil treatment on total USV frequency and duration. Mean (SEM) frequency (FREQ), and duration (DUR) for total ultrasonic vocalizations analyzed during the 12-min social interaction session for saccharin (SAC) and prenatal ethanol-exposed (PAE) rats from each drug treatment condition. For each measure, means collapsed across sex (N = 8 pairs per prenatal treatment condition) are presented first in bold text followed by means for males (n = 3 pairs per prenatal treatment condition) and females (n = 5 pairs per prenatal treatment condition) presented in italicized text. Asterisk (*) indicates a significant (p < 0.05) effect of drug treatment within prenatal treatment conditions. Dagger ( †) indicates an effect approaching significance (p < 0.06) of drug treatment within prenatal treatment condition. Subscripts indicate significant (p < 0.05) main effects and interactions for prenatal treatment condition (P), drug treatment condition (D), and sex (S). IEG expression in males [40, 53] . Other groups have also observed sexually dimorphic effects of gestational alcohol exposure on social behaviors [42, 43, [67] [68] [69] [70] [71] [72] [73] [74] [75] . Importantly, the majority of drug effects were observed in males, and there were no apparent differences in the variance between sexes for the measures under study. Thus, estrous cycling is not likely to represent a major determinant of drug effects on behavior in the female animals from the present study. A recent meta-analysis revealed that female rats tested without explicit staging of estrous cycles are no more variable than males with regard to a variety of biological traits [76] . Previous research from our laboratory supports this conclusion with respect to the function of GluN2B receptors in AIC. We studied excitatory neurotransmitter receptor physiology in both male and female rats, with female rats uniformly distributed throughout the various stages of estrous and observed that different characteristics of spontaneous and mini excitatory post-synaptic currents in AIC pyramidal neurons were equally variable in male and female animals [53] . Therefore, differences in aspects of neuronal physiology and social behaviors between male and female animals are likely bona fide sexually dimorphic effects, and not likely confounded by estrous.
One potentially complicating aspect affecting the interpretation of the present study concerns the fact that ifenprodil treatment resulted in a number of significant Drug Treatment X Sex interactions on aspects of social behavior. In our previous work examining receptor physiology on layer II/III pyramidal neurons in AIC, we did not observe sex differences on the expression or functioning of GluN2B containing NMDA receptors. This may confuse interpretation of the present study, as one would expect there to be no significant Drug Treatment X Sex effects if there are not differences in GluN2B expression between the sexes. These effects can be partially explained, however, by sex differences on AMPA receptor physiology that we have previously observed. In Bird et al. [53] , we found that AMPAR-mediated EPSCs from male animals displayed larger amplitudes, shorter half-widths, and faster decay times than EPSCs from female animals. Because NMDA receptor activity is dependent upon initial activation of AMPA receptors to alleviate the Mg 2+ block of NMDA receptors [77] , it can be reasoned that differences in basic excitatory synaptic transmission between the sexes could be behind some of the sex differences observed here. Further research will be necessary to determine how AMPA receptor physiology could affect NMDA receptor activity in the AIC during social interactions.
In previous studies, we have demonstrated that gestational alcohol exposure leads to a significant increase in wrestling behavior in male rats [35, 39, 40] . Here we did not observe main effects of prenatal treatment on this aspect of social behavior. The absence of PAE treatment effects could be attributed to unintended effects caused by cannula implantation into AIC. Care was taken to prevent excess damage to AIC when performing stereotaxic surgeries, using the smallest gauge guide cannula possible and conducting experiments 1-2 weeks after implantation to prevent excess gliosis following surgery [78] . Nonetheless, unintended partial damage to AIC caused by cannula implantation may have contributed to altered social behaviors that masked some of the effects of gestational alcohol exposure. In addition, PAE rats may have altered recovery periods following surgery compared to SAC controls, which has the potential to cause functional deficits in implanted brain areas [79] . Future experiments examining social behaviors in cannulated rats will need to examine inflammatory cytokine expression in implanted brain areas to determine if PAE rats have an exaggerated immune response that could confound interpretation of experimental results. It is also possible that the presence of the implants themselves significantly altered social behavior-i.e., interacting with another rat that has a large implant on top of its head could result in atypical social interactions. There were, however, several significant prenatal treatment by drug treatment interactions for social behaviors and USVs resulting from selective alteration in PAE rats, many of which were obtained for social behaviors (wrestling, anogenital sniffing, body sniffing, and allogrooming) affected by prenatal alcohol treatment in our previous studies [35, 40] . In this study, PAE also resulted in reduced latency to the first onset of allogrooming in PAE animals. In females, there was an additional effect of PAE treatment, as it reduced the duration of social investigation via anogenital sniffing behavior.
Ultrasonic vocalizations
Rats emit USVs in one of two frequency ranges, typically associated with aversive (roughly 22 kHz) and socially appetitive (roughly 50 kHz) situations [80] . 22 kHz vocalizations occur in a variety of stressful situations, including social isolation [81] , exposure to predators [82] , and withdrawal from drugs [83] . Conversely, 50 kHz USVs tend to occur in more rewarding situations, such as mating, juvenile play, drug administration, and "tickling" [80, 84, 85] . We measured characteristics of USVs during social interaction to gain insight into affective states. Previous work from our laboratory has observed an increase in agonistic wrestling behavior in PAE rats as compared to controls [35] . This wrestling behavior was qualified as agonistic rather than play behavior based on the posterior target of wrestling attacks. Attacks directed at the nape of the neck are indicative of playful attacks, while attacks directed at the rump signify agonistic behavior [86, 87] . In our previous study, attacks at the nape of the neck were rare, while attacks directed at the rump were more frequent. We reasoned that these agonistic behaviors would be accompanied by 22 kHz USVs, indicating a negative affective state. Contrary to our expectations, we only observed 22 kHz USVs being emitted during a single social interaction session for one pair of animals. As this was the only instance in which 22 kHz USVs were observed we did not analyze USVs in this frequency range. On the other hand, 50 kHz USVs were emitted frequently during the social interaction tests. Systemic ifenprodil treatment (10 mg/kg) in rats has been shown to reduce 50 kHz USVs [88] , however, to our knowledge the present study is the first demonstration that GluN2B receptors in AIC are implicated in modulating 50 kHz USVs. Due to the fact that most of the vocalizations were in the 50 kHz "socially appetitive" range, it may be construed that corresponding behaviors are not agonistic. This interpretation is complicated by the fact that 50 kHz calls do not selectively occur in social conditions that are appetitive. Rats frequently emit 50 kHz calls during resident-intruder tests [89] , and during other aversive events [90] . Thus, a conservative conclusion is that calls within this frequency range are sensitive to social situations and the AIC contributes to this function.
A major goal for future research is to conduct a more detailed analysis linking USVs to behavioral processes. Due to the limited sample size of the present study, and not being able to attribute a specific USV to a particular animal, it is difficult to attribute specific USV waveforms to specific social behaviors using correlational statistics. It may be possible in the future to use a different USV recording setup and analysis approaches (e.g., multiple sensors and independent component analysis) to attribute each individual USV to a specific animal during social interaction sessions. Another alternative that would allow us to attribute USVs to a specific animal would involve devocalizing one rat in each pair [91] . Some additional limitations of the current approach are also worthy of discussion. The effects of cannula implantation could have masked some other effects of prenatal ethanol treatment on USVs in the older animals used in this study. Future studies from our lab will examine USVs in a social context from animals that have not been implanted with infusion guide cannula to determine if this is indeed the case. Another potential limitation from the analysis of USV characteristics is the limited sample size from male animals. However, even with the limited sample size, there were detectable reductions in the frequency and duration of many USV types following ifenprodil infusion in PAE males.
Future directions
The present results support the conclusion that PAE-induced alterations in GluN2B receptor expression in AIC contribute to social behaviors, and manipulations of GluN2B-containing NMDA receptor function in this brain region may normalize affected behaviors in these animals. Based on this conclusion, systemic ifenprodil treatment could be a useful tool for normalizing some of the social behavior deficits seen in rats following moderate PAE. Low dose (0.75 mg/kg) systemic ifenprodil treatment increases social activity (play, social investigation, and social contact) in naïve adolescent (P35) male rats [92] , while higher doses (6-12 mg/kg) cause a decrease in social activity in adulthood (P68) [93] . The differences in the effect of ifenprodil at different doses and ages could be partially explained by the normal time course of NMDA subunit expression in rats and other mammals. Normally during early postnatal development, GluN2B subunits are preferentially expressed over GluN2A subunits, and GluN2A subunit expression becomes more dominant as the animal ages [94] . However, GluN2B expression in AIC of PAE animals remains high well into adulthood [53] , suggesting that systemic low-dose administration of ifenprodil could normalize some of the social behavior deficits that PAE rats exhibit. Potential translation to functional treatments for humans is complicated by the fact that systemic ifenprodil treatment inhibits the function of GluN2B-containing NMDA receptors in other brain areas, affecting excitatory neurotransmission in these regions. For example, systemic ifenprodil treatment of 5 mg/kg impairs the acquisition of fear memory [95] , and treatment of 10 mg/kg disrupts consolidation of spatial memory [96] . Both forms of memory are negatively affected by PAE [35, 57] , leading to the possibility that systemic ifenprodil treatment could further compound memory deficits in PAE animals. Further, conditional loss of GluN2B receptors in the hippocampus and cortex of mice cause deficits in attentional set-shifting [97] , which could also result from global GluN2B antagonism and exacerbate the effects of PAE, which has been shown to lower expression of GluN2B receptors in the hippocampus of mice [98] . Thus, systemic ifenprodil treatment must be optimized at a dose level that is sufficient to alleviate social behavior deficits, but not so high as to cause impairments in other brain functions.
Another avenue for future research motivated by the present study will be to examine the effects of a lower dose of ifenprodil infused into AIC on social behavior and communication. The dose of ifenprodil used in this study (1 g in 0.3 l per hemisphere) is comparable to doses of ifenprodil used by other groups to investigate how antagonizing GluN2B-containing NMDA receptors affects neuronal physiology and behaviors mediated by certain brain regions [60, 99, 100] . This dose of ifenprodil has the potential to cause offtarget effects, however. In Xenopus oocytes expressing recombinant rat NMDA receptors, researchers have measured the IC50 for ifenprodil on GluN2B containing NMDA receptors to be 0.34 M, while at GluN2A containing NMDA receptors the IC50 is 146 M [101] . The concentration of ifenprodil used in the present study (4.16 mM) was higher than the IC50 for GluN2A containing NMDA receptors. There are mitigating factors to consider, such as the fact that the IC50 values for ifenprodil were measured in Xenopus oocytes in vitro, or how far ifenprodil spread from the point of infusion thereby diluting it [102] , as well as metabolic breakdown of ifenprodil in vivo after infusion took place [103] which would effectively lower the concentration of ifenprodil at neuronal synapses in AIC. While we met our goal of evaluating the differential effects of ifenprodil on behaviors and communication between control and PAE animals, the only way to be completely sure that the effects of ifenprodil were caused by inhibiting GluN2B-containing NMDA receptors will be to infuse a dose that is lower than the IC50 for GluN2A-containing NMDA receptors.
Finally, an intriguing direction for future research involves examining how PAE affects the expression and function of GABAergic interneurons in the AIC and how this could impact social behaviors and USVs. It has been demonstrated that developmental alcohol exposure increases tangential migration of GABAergic interneurons to the cortex, and that this results in increased numbers of interneurons that are observed into adulthood [104, 105] . It is possible that some of the significant results seen in this study are not the result of inhibiting GluN2B-containing NMDA receptors on layer II/III pyramidal neurons, but rather a result of inhibiting these receptors on cortical interneurons. Future work will need to determine how PAE affects GluN2B expression on interneurons and how this impacts interneuron physiology, AIC network activity, and behaviors modulated by AIC.
Conclusion
In summary, the combined data from this study demonstrate that GluN2B-containing NMDA receptors in the AIC of rats are important for regulating aspects of social behaviors and vocalization during social interaction in rats exposed to ethanol during gestation. Future work will determine if these neurotransmitter receptors will be viable targets for treatments seeking to rescue the deleterious effects of prenatal alcohol exposure on AIC-dependent social behaviors.
